Background 30 Microorganisms in biogas reactors are essential for degradation of organic matter and methane 31 production through anaerobic digestion process. However, a comprehensive genome-centric 32 comparison, including relevant metadata for each sample, is still needed to identify the globally 33 distributed biogas community members and serve as a reliable repository. 34 
plot reporting the completeness and contamination levels for each MAG. Colors refer to the taxonomic 164 assignment at phylum level and in (C) circle size is proportional to the genome length. 165 (MiGA) Online [41] estimated that a relevant fraction of the genomes belong to taxonomic groups 167 for which genomes of type material are not present in the NCBI genome database. More 168 specifically, 0.2% of MAGs cannot be assigned to known phyla, 11.6% to known classes, 69.7% to 169 orders, 71.3% to families, 92.1% to genera and 95.2% to species. This evidenced that the present 170 genome-centric investigation allowed to fill-in a notable gap in the knowledge of the AD microbial 171 community. A dedicated project was established to allow the recovery of both genome sequences of 172 MAGs and their taxonomic assignment "http://microbial-genomes.org/projects/biogasmicrobiome". 173 Using the AAI approach as implemented in MiGA Online [41] , it is also possible to perform queries 174 with genomes of interest using the MAGs identified in the present study as a reference. 175 In addition to the analysis performed with MiGA, to determine the taxonomic position of the 176 MAGs, a procedure based on four different evidences was used. (1) 1,233 MAGs were 177 taxonomically assigned using selected marker genes and (2) The reactor process conditions influence the relative abundance of taxa, determining dramatic 207 changes. For instance, the "Bacteria/Archaea" ratio, which has a median value of ~14, was highly 208 variable. Beside the acidogenic reactors, where the methanogenic process was undetectable (i.e.
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"LSBR-DSAc-preH2" and "LSBR-DSAc-postH2"), it was concluded that in 7.7% of all samples 210 archaeal abundance was lower than 1% and consequently "Bacteria/Archaea" ratio exceeded 100.
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However, Archaea were predominant in several reactors analyzed in this study and in 3% of all 212 samples, their abundance exceeded that of Bacteria, with a ratio of ~0.5 in a biofilm sample 213 collected from a reactor fed with acetate ("LSBR-D200-DNA-BF"). Despite the fact that some of 214 the microbiome derived from sub-fractions of the samples (e.g. stable isotope labelling) or from 215 biofilms, it is interesting to note that in reactors fed only with "methanogenic substrates", Archaea 216 was the dominant group of the entire microbiome. Considering only biogas plants, the 217 "Bacteria/Archaea" ratio is kept within a more narrow range, but still it is very flexible (from 470 218 in Nysted to 3.4 in Vilasana) (Fig. 4) . The bacterial phylum Firmicutes, which is the most abundant 219 taxon within the biogas microbiome, also varied between 1.3% and 99.9% of the microbial 220 community (Additional Fig. S1 and Additional File 5). In almost 40% of all samples analyzed,
221
Firmicutes was not the dominant taxon, but Bacteroidetes, Coprothermobacter, Actinobacteria, abundance of yet-uncultivated taxa suggests that they may play an important role in the microbial 231 community, and probably warrant further attention. We calculated the variation in abundance for each MAG across the AD samples, along with their 239 taxonomic assignment. Additionally, the number of MAGs in each sample was estimated 240 considering as "present" those with abundances higher than 0.001%. This analysis revealed that the 241 microbial community composition was highly variable depending on the AD sample, as clearly and feedstock compositions. According to previous findings [8, 28] , thermophilic reactors have a 246 lower number of species than mesophilic (p-value<0.001). Among the thermophilic reactors in this 247 study, those characterized by a very high number of species were fed with manure or a mixture of 248 manure and agricultural feedstocks, while those having few species were fed with simplified 249 substrates such as cheese whey, acetate or glucose (p-value<0.001). This suggests that the AD 250 process can be supported by less than 100 species when the feedstock is mainly consisting of one 251 single compound. On the contrary, degradation of complex substrates (such as sewage sludge or 252 manure) requires the cooperation of a large cohort of microbes including more than 1,000 species.
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Analysis of the MAGs shared among different samples ( Fig. 1 B) revealed that thermophilic 254 reactors tend to share more species than mesophilic systems, which could be due to the selective 255 pressure imposed by the high growth temperature. Fig. S3A ). This is in contrast to previous findings 268 [5, 7] showing mostly specialized microbial communities depending on the temperature regime. We 269 assume that, for most of the species considered in this study, rather the substrate used plays a major 270 role in determining their abundance than the temperature (Additional Fig. S3 B-C) . We are aware of 271 the fact that some MAGs did not pass the selection determined by assembly and subsequent binning processes, and this might introduce a shift into the PCoA. However, the MAGs collectively 273 captured on average 89%, and sometimes close to 100%, of the total reads of the metagenomic 274 datasets and thus, the majority of the sampled microbial communities. The collection of MAGs 275 considered in this study does not completely disclose the "AD black box". However, we are getting 276 closer to the assignment of a substantial number of new species to their role in the food chain of the 277 organic matter degradation process.
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Only few MAGs were detected in multiple samples, and this was due to the high heterogeneity of 279 the AD microbiome (Additional Fig. S2 ; Additional File 7). By considering the highly abundant 280 MAGs (more than 1% relative abundance), only 25 were present in more than 10% of the samples, 281 while 1246 were considered as low abundant (lower than 1%) (Additional Fig. S4 10.1% have at best one block missing (1 bm) and 2.5% have at best two blocks missing (2 bm). In 306 the following, only complete and "1 bm" modules will be considered. Modules distribution and 307 completeness indicated that a very low number of them is widespread in MAGs, while the majority 308 have a scattered distribution in terms of presence/absence (Fig. 5) . Additionally, the association of 309 many modules with some specific taxa is remarkable; in fact, a strong correlation between the 310 clustering based on modules presence/absence and MAGs taxonomic assignment was found ( Fig. 5;   311 Additional File 9). In particular, only 15 modules are present in more than 90% of the phyla 312 (widespread), 108 are present in 50-90% (frequent) and 434 in less than 50% (infrequent). Initial evaluation was focused on the identification of MAGs having a specific KEGG module.
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Considering both the complete and "1 bm" modules, only 15 "core modules" have been identified 321 in more than 90% of the HQ-MHQ MAGs. These include for example "C1-unit interconversion", 322 "PRPP biosynthesis", "glycolysis, core module involving three-carbon compounds". Other 223 323 "soft core modules" were present in 10% to 90% of the HQ-MHQ MAGs. Finally, 289 "shell 324 module, the reductive acetyl-CoA pathway (also called Wood-Ljungdahl pathway) identified in 86 377 MAGs (5.8%) with 52 encoding the complete module, and the reductive pentose phosphate cycle 378 (ribulose-5P => glyceraldehyde-3P) identified in 128 MAGs (9.1%) with 42 encoding the complete 379 module. Interestingly, since the WL pathway is present only in 0.49% of the microbial genomes 380 deposited in the KEGG database, in the AD microbiome it is more common than expected. The 381 taxonomic distribution of the 86 MAGs encoding the W-L pathway is mainly restricted to 382 Firmicutes (75.6%), followed by Chloroflexi (9.3%), Proteobacteria (7%), Euryarchaeota (3.4%) 383 and Actinobacteria (2.3%). Functional activity and syntrophic association with methanogens was 384 previously reported for some of these species (e.g. Tepidanaerobacter syntrophicus, 385 Syntrophorhabdus aromaticivorans and Desulfitobacterium dehalogenans) [46] [47] [48] . However, the 386 vast majority was not previously characterized at the genome level, suggesting that potential acetogens. This result can provide a more accurate evaluation of the fraction of bacteria involved in 399 acetate conversion and can support the delineation of a more accurate mathematical model for the 400 AD process.
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(Additional File 10). Although measurements at the RNA/protein level are needed to have direct 404 information on pathways activity, it is evident that different samples have highly variable 405 representation of crucial KEGG modules (Fig. 6) . It is interesting to note that the relative abundance 406 of MAGs potentially associated to the hydrogenotrophic and acetoclastic methanogenesis is highly 407 variable among samples. Particularly, in biogas plants characterized by low TAN (1.9-2 mg/L) (e.g.
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"BP-Gimenells" and "BP-LaLlagosta"), acetoclastic methanogenesis is favored and the ratio "methanogenesis from CO 2 ", acetate and methylamines, "W-L pathway". Bar graph was obtained for each 425 sample by summing the relative abundance of all the HQ and MHQ MAGs encoding these "complete" or 426 "1 bm" modules. In figure samples collected from biogas plants were reported in the left part of the figure  427 (first 26 samples), while those derived from laboratory reactors or batch tests were shown in the right part of 428 the figure. 429 the most abundant carbon source [49] . Previous findings suggested that many microbes 431 participating to the AD food chain are involved in hydrolysis of polysaccharides, which is a crucial 432 step in organic matter degradation [30] . In order to find the species involved in complex 433 carbohydrate decomposition, MAGs featuring high enrichments in CAZymes (p<1*e-5) have been 434 selected for further analysis (Additional File 11). A specific MAG was frequently found to be 435 enriched in more than one functional class, e.g. 35 MAGs are enriched in "carbohydrate esterases", 436 32 of them were also enriched in "glycoside hydrolases" and 13 in "polysaccharide lyases". Eleven 
